We expand on the comprehensive study of hyperfine structure (HFS) in Mn II conducted by Holt et al. (1999) by verifying hyperfine magnetic dipole constants (A) for 20 levels previously measured by Holt et al. (1999) and deriving A constants for 47 previously unstudied levels. The HFS patterns were measured in archival spectra from Fourier transform (FT) spectrometers at Imperial College London and the National Institute of Standards and Technology. Analysis of the FT spectra was carried out in XGREMLIN. Our A constant for the ground level has a lower uncertainty by a factor of six than that of Blackwell-Whitehead et al. (2005b) .
INTRODUCTION
The cosmic abundance of manganese is 5.42±0.04
1 (Scott et al. 2015) , and is the fourth highest of the iron-group elements. However, much higher abundances of manganese are found in some chemically-peculiar stars of late B spectral types. An example is given by the HgMn star HD 175640, in which the Mn abundance of 7.8 exceeds that of any element heavier than oxygen (Castelli & Hubrig 2004) . The high abundance of manganese in this star gives rise to many lines of Mn II that are not seen in laboratory spectra (Castelli et al. 2015) Manganese has one stable isotope with a mass number of 55. The ground configuration of Mn II is 3d 5 ( 6 S)4s (Sansonetti & Martin 2005) . Since manganese has a nuclear spin of 5/2 and a nuclear magnetic moment of 3.4687, spectral lines of Mn II show hyperfine structure (HFS). HFS is of importance in astronomy because it broadens the lines observed in stellar spectra, giving incorrect abundances if it is not taken into account and potentially confusing the line identification. Jomaron et al. (1999) showed that the chemical abundance of Mn II in HgMn stars can be overestimated by up to 3 orders of magnitude if HFS is neglected. Even if a rough estimate is made of the HFS pattern, the abundance can be overestimated by up to a factor of 4 in stars. Figure 3 E-mail: ktownleysmit@lamar.edu (KTS) . Work performed as a Summer Undergraduate Research Fellow at NIST. 1 Abundance is on a logarithmic scale relative to a hydrogen abundance of 12 in Castelli & Hubrig (2004) , shows two examples of the importance HFS plays in broadening the width of lines in the spectra of HgMn star HD 175640. For these lines the HFS constants needed to model the line shape have been measured previously. However, there are many other lines that exhibit broader HFS where the HFS constants for one or both levels are not known. For three notable lines in Castelli & Hubrig (2004) at 9407.0Å, 9408.7Å, and 9446.8Å, the A constants for the upper levels, 3d 5 ( 6 S)4p z 5 P o 2,3,4 , were known but the lower levels, 3d 5 ( 4 P)4s b 5 D2,3 were not. The resulting synthetic spectra are a poor fit to the observed stellar spectrum. Hyperfine structure constants are also needed to obtain a more accurate value for the wavelength of a transition, particularly for close-lying levels where it may be difficult to distinguish between HFS and fine-structure components in the observed spectral lines, and second-order hyperfine mixing may be of importance.
Previous work on the HFS of Mn II began with Villemoes et al. (1991) who used laser spectroscopy to measure HFS constants for the 3 levels of the 3d 5 ( 6 S)4p z 5 P o J term and 3d
5 ( 6 S)4s a 5 S2. Holt et al. (1999) later expanded on this study by independently measuring the HFS constants of 59 levels, including the 3 levels in the z 5 P o J term measured previously by Villemoes et al. (1991) . Neither of these studies measured the HFS of the ground level in Mn II. Blackwell-Whitehead et al. (2005b) In this paper, we discuss the previously-measured spectra that were used in this work, describe our analysis of the spectra and the derivation of our uncertainties, compare our results with previous measurements by (Holt et al. 1999) , Villemoes et al. (1991), and Blackwell-Whitehead et al. (2005b) , and present new HFS constants for 47 levels in Mn II.
EXPERIMENT
The Mn II spectra analyzed were obtained from the National Institute of Standards and Technology 2 meter FT spectrometer (NIST in Table 1 ), and two vacuum ultraviolet FT spectrometers at NIST (VUV in Table 1 ) and Imperial College London (ICL in Table 1 (Thorne et al. 1987) ). The light source used was a hollow cathode lamp with Mn/Ni or Mn/Cu cathode, run in either neon or argon gas. The spectra were originally taken for the measurement of wavelengths, energy level values, and oscillator strengths and cover wavelengths from 140 nm to approximately 3 µm. Full details of the experimental procedure are given in Kling & Griesmann (2000) and Blackwell-Whitehead et al. (2005a) . The spectra used are listed in Table 1 with the wavelength regions and operating conditions. A comparison of spectra taken at different currents enabled us to identify HFS profiles affected by self-absorption as shown in Figures 1 and 2 .
ANALYSIS
The spectra were analyzed with our XGREMLIN software package (Nave et al. 2015) , which uses the HFS fitting programs of Pulliam (1977) to determine HFS constants A (magnetic dipole) and B (electric quadruple), defined as in equation 1 of Holt et al. (1999) . The program fits the line profiles based on eight parameters: the A and B constants of the upper and lower levels, the center-of-gravity wavenumber of the line, the maximum intensity of the strongest HFS component, the damping constant which in this program is defined as a ratio of the Lorentzian to the total width of the line, and the full width at half maximum (FWHM) of the HFS components. In almost all cases the uncertainty of the B constant was similar to or larger than its value. We have thus either set the B constants of both levels to zero in our fits or used the previously-measured B constants from Holt et al. (1999) . Since the individual HFS components cannot be fully resolved due to Doppler broadening of the spectral line, it is usually not possible to derive accurate HFS constants by fitting both levels simultaneously. We have thus fixed the value of one A constant and allowed the other to vary in our fitting procedure. An example fit is shown in Figure 1 .
For some levels, none of the spectral lines connecting the level to others with well-determined HFS constants show significant structure and the corresponding lines appear symmetric in our spectra. In these cases both the HFS and Doppler broadening contribute to the width of the spectral lines. These levels may, however, show wide HFS patterns when combining with higher levels in the term system, so it is useful to derive some estimate of their HFS constants from lines connecting them to lower levels, even though these lines Figure 1 . The 3d 5 ( 6 S)4s a 7 S 3 − 3d 5 ( 6 S)4p z 7 P 2 transition in Mn II, observed in a spectrum taken at a low current (#1 in table 1, points). The red line shows the total fit of the line using the individual HFS components, shown as blue dashed line. The spectral line is free of self-absorption and gives a low uncertainty for the A constant of the z 7 P 2 level. show little structure. Values for the A constant for these lines were derived by fixing the FWHM of the HFS components to various values and allowing the A constant to vary. The uncertainty of the A constant was determined by varying the FWHM of the components and determining the values for the A constant at each width where the standard deviation of the constant started to increase, indicating that the value no longer gave an optimum fit to the line. In some cases, e.g. the 3d
6 a 5 D4 level, changing the FWHM by up to 10 % had little effect on the fitted A constant. For other levels, e.g. the 3d
6 a 5 D3 level, the fitted A constant varied by more than its value when changing the FWHM and the uncertainty of the constant is thus large.
Since we cannot derive accurate HFS constants by fit- Table 2 . Allowing the B constant of the ground level to vary in the fit resulted in an uncertainty greater than its value and it was thus set to zero when fitting higher levels. From these levels, A constants for almost all of the known septet and quintet levels below 86 000 cm −1 in Mn II could be derived using either the more accurate HFS constants of Holt et al. (1999) where available or our new constants. Our results, together with a comparison with Holt et al. (1999) , are given in Table 3 .
Uncertainty derivation
The A constants for most of the levels reported in Table 3 were derived from multiple spectral lines with each line being observed in multiple spectra. A two-step process was used to derive the A constants for each level and their standard uncertainty.
First, we take a weighted average of the A constants, Aavg, for each transition derived from the observed line in spectrum i using:
Here Ai is the A constant determined from the line, δi is its standard deviation obtained from a least squared fit of the line, and n is the number of spectra used for each line. Having obtained a weighted average for each line from multiple spectra, we estimate a one standard uncertainty for each line, ∆Aavg, using the greater of:
(2) and
Equation 3 prevents a misleading low uncertainty that can arise from a small number of measured HFS constants being in coincidentally good agreement. Using this procedure takes into account both the measured standard deviations and the actual distribution of the measured A constants from Equation 2.
Next, we add the uncertainty of the A constant of the other level involved in the transition in quadrature to the result from Equations 2, and 3 to give the uncertainty determined from all measurements using that particular transition. We then use Equations 1, 2 and 3 again, but this time summing over all transitions, i, that can be used to determine the A constant of the level, with n now being the number of transitions. Finally, we add an estimate of the systematic uncertainty in Holt et al. (1999) to the result from Equations 2 or 3. Our estimate of 0.013 × 10 −3 cm −1 , was obtained by taking the minimum uncertainty of any level in their Table 1 . We report this combined uncertainty in Table  3 . This process is shown in Table 2 for the ground level and is described below.
Magnetic dipole constant of the ground level
The ground level, a 7 S3, has strong transitions to the z 7 P o J levels and weaker ones to the z 5 P o 2,3 levels. The z 7 P o J levels were used by Blackwell-Whitehead et al. (2005b) to derive the HFS constants for the ground level. The z 5 P o 2,3 and z 7 P2 HFS constants have been measured by Holt et al. (1999) and can be used to derive the A constant of the a 7 S3 level that is independent from the measurements of BlackwellWhitehead et al. (2005b) . We fixed the value of the B constant for the a 7 S3 level to zero and the A and B constants for the upper levels to the values determined by Holt et al. (1999) . The damping parameter is allowed to vary.
The derivation of the A constant for the ground level, a 7 S3, using the process in Section 3.1 is given in Table 2 . The first and second columns give the upper level and its A constant respectively, with the wavelength of the transition given in the third column. Each transition is observed in up to 4 spectra, and the reference number of the spectrum in column 4 corresponds to the reference number in column 1 of Table 1 . Column 5 of Table 2 gives the A constant and uncertainty derived from the corresponding lines in these spectra. The weighted mean and uncertainty are derived using equations 1, 2 and 3 and added in quadrature to the uncertainty of the upper level, giving the values in column 6. Finally, the weighted average and uncertainty of the 3 transitions is taken, giving the final result and uncertainty in column 7.
Our value for the A constant of the a 7 S3 level is within 1.6 standard uncertainties of the value of 26.6 ± 0.3 × 10 −3 cm −1 measured by Blackwell-Whitehead et al. (2005b) . Our uncertainty is over a factor of 7 lower, despite our use of some of the same spectra used in BlackwellWhitehead et al. (2005b) . As mentioned earlier, Doppler broadening in our spectra does not allow for fully resolved spectra and consequently the fit is most sensitive to the difference in the A constants and not the magnitude of them. Blackwell-Whitehead et al. (2005b) fitted both the A and B constants of both levels simultaneously and thus required four independent parameters to determine the separation of the unresolved HFS components. By using the HFS constants of Holt et al. (1999) for the upper level, and by fixing the value of the B constant of the a 7 S3 level at zero, in our fitting only the A constant of the a 7 S3 level determines the separation of the HFS components.
RESULTS AND DISCUSSION
We summarize our results of the analysis in Table 3 . We compared our results with the A constants for 20 levels measured by Holt et al. (1999) using laser spectroscopy and our values are consistent within the joint uncertainties. We obtain a lower uncertainty for the ground level, a 7 S3, the septets z 7 P o j , and a 5 S2 than the previous measurements of Villemoes et al. (1991) and Blackwell-Whitehead et al. (2005b) . From analysis of FT spectra in XGREMLIN, we can rapidly obtain HFS constants as long as HFS constants for one of the energy levels are known. Our recommended values are given in bold in Table 3 . Where available, the values of Holt et al. (1999) are usually consistent with our values but have a lower uncertainty. The exception is our A constant for the z 5 P1 level, which differs from the value of Holt et al. (1999) by 1.6 times the joint uncertainty, but agrees with the value of Villemoes et al. (1991) within the joint uncertainty. Many of the lines of astrophysical interest occur in stars with a high abundance of Mn, but these lines may be very weak in our laboratory spectra. Although we cannot obtain HFS constants directly from these lines, we can derive the constants of the levels involved in the transition from strong lines elsewhere in our spectra. For example the lines around 9408Å described in Castelli & Hubrig (2004) that we mentioned in our Introduction did not appear in our spectra. Two of these lines shown in the HgMn star HD 175640 are shown in Figure 3 . The synthetic spectrum shown in red is taken from Castelli & Hubrig (2004) and does not include the HFS constants of the lower levels, b 5 Dj. Our new values for the A constants of the lower levels can be used to obtain the positions of the HFS components shown in Figure 3 and explain the discrepancy between the observed and synthetic spectra.
CONCLUSIONS
We have measured HFS A constants for 71 levels of singlyionized manganese using archival FT spectra of hollow cathode lamps taken at a variety of conditions. Of the 71 levels, 47 had no previous laboratory HFS constants. Previous measurements of HFS constants for 8 levels were used as reference levels. A constants for almost all of the septet and quintet levels below 87 000 cm −1 have now been measured. HFS constants for 27 triplet and singlet levels are given in Holt et al. (1999) , so constants for 106 of the 533 levels of Mn II are known. Roughly 120 of the remaining levels belong to triplet and singlet levels below 87 000 cm −1 for which additional work is needed. Levels above 87 000 cm −1 are mainly from higher angular momentum levels that have small HFS. The new A constants for the b 5 D levels account for the discrepancy between the synthetic and observed spectrum of HD 175640 in two lines at 9407Å and 9408Å reported by Castelli & Hubrig (2004) . (6) a A constant and uncertainty in last digit in parenthesis of upper level from Holt et al. (1999) . b Ritz wavelength of transition taken from Kramida & Sansonetti (2013) . c Reference number of spectrum from column 1 of table 1. d Measured A constant and uncertainty in the last digit in parenthesis of a 7 S 3 . e Weighted average and uncertainty over all measured A constants in col. 5 for each transition in col. 4. Uncertainty, given in the last digit in parenthesis, is calculated from the quadrature sum of the uncertainty derived from uncertainties in col. 4 using equations 2 and 3 and the uncertainty of the upper level A constant in col. 2 (see Section 3.2). f Weighted average and uncertainty of values in col. 6 (see Section 3.2). Uncertainty, given in the last digit in parenthesis, is sum of uncertainties in col. 6 using equations 2 and 3 and estimated systematic uncertainty of upper level A constants in col. 2 of 0.013×10 −3 cm −1 .
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